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Using tangential flow ultrafiltration, total mercury (Hgr)
and methylmercury (MeHg) concentrations in the colloidal
phase (0.4 um—10kDa) were determined for 15 freshwaters
located in the upper Midwest (Minnesota, Michigan, and
Wisconsin) and the Southern United States (Georgia and
Florida). Unfiltered concentrations were typical of those
reported for freshwater and ranged from 0.9 to 27.1 ng L™!
Hgr and from 0.08 to 0.86 ng L~! MeHg. For some rivers,
Hgr and MeHg in the colloidal phase comprised up to 72%
of the respective unfiltered concentration. On average,
however, Hgr and MeHg concentrations were evenly
distributed between the particulate (>0.4 um), colloidal,
and dissolved (<10 kDa) phases. The pool of Hg in the
colloidal phase decreased with increasing specific
conductance. Results from experiments on freshwaters
with artificially elevated specific conductance suggest that
Hgr and MeHg may partition to different subfractions of
colloidal material. The colloidal-phase Hgr correlation with
filtered organic carbon (OCf) was generally poor (72 <
0.14; p > 0.07), but the regression of MeHg with OCr was
strong, especially in the upper Midwest (2 = 0.78; p <
0.01). On a mass basis, colloidal-phase Hg concentrations
were similar to those of unimpacted sediments in the
Midwest. Mercury to carbon ratios averaged 352 pg of Hgr/
mg of C and 25 pg of MeHg/mg of C and were not
correlated to ionic strength. The log of the partition
coefficient (log Kp) for Hgr and MeHg ranged from 3.7 to
6.4 and was typical of freshwater values determined using
a 0.4 um cutoff between the particulate phase and the
dissolved phase. Log Kp calculated using the <10 kDa
fraction as “dissolved” ranged from 4.3 to 6.6 and had a
smaller standard deviation about the mean. In addition, our
data support the “particle concentration effect” (PCE)
hypothesis that the association of Hg with colloids in the filter-
passing fraction can lower the observed log Kp. The
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similarity between colloidal and particulate-phase partition
coefficients suggests that colloidal mass and not
preferential colloidal partitioning drives the PCE.

Introduction

The distribution of mercury (Hg) species between the
particulate, colloidal, and dissolved phase affects the toxicity,
transport, and biouptake of Hg in freshwaters (1—3). Among
these size classes, the colloidal phase has been inferred to
play several key roles in the biogeochemistry of Hg. First,
colloids may play an important role in regulating the
concentration of dissolved metal ion and neutral complexes
in solution (4). The binding of free metal ion reduces acute
toxicity, and regulating neutral complexes may affect Hg
transport across bacterial walls (5)—notable because sulfur-
reducing bacteria have been shown to convert inorganic Hg
into the bioaccumulative methyl form through a detoxifi-
cation response (6, 7). Second, colloids may be an important
downstream transport vector due to the relatively large
surface area of colloids and the well-known particle-reactive
nature of Hg. Finally, the concentration and chemical
character of colloids may affect the uptake of methylmercury
(MeHg) by bacteria, fungi, zooplankton, and mollusks either
by direct consumption or the free ion activity model (3, 8,
9).

Unfortunately, the role of the colloidal phase in the
biogeochemistry of Hg has been largely left to inference;
there are few direct measurements of Hg associated with
either colloidal-sized particles (roughly 0.4 um—10kilodalton
(kDa)) or the “dissolved” phase (<10 kDa) because methods
to cleanly isolate colloidal material have been only recently
evaluated for trace-level Hg research within marine waters
(10) and freshwaters (11).

Most measurements of colloidal-phase Hg in natural
waters originate from coastal marine environments and focus
largely on total mercury (Hgr). One of these studies reported
the first colloidal-phase Hgr data from deep Pacific Ocean
waters (10), and two others applied tangential-flow ultra-
filtration to three Texas estuaries (12, 13). The last two
documented non-conservative mixing of colloidal-phase Hg
along a salinity gradient from the freshwater Trinity River to
the saline Galveston Bay. They found that a major portion
of the filtered fraction (12—93%) was associated with the 0.4
um—1 kDa size fraction and that the colloidal-phase Hgr
concentration was correlated with carbon content. In ad-
dition, colloid coagulation in these high salinity waters was
shown to be a major removal mechanism for Hgr.

Another study in the Ochlockonee River Estuary of Florida
concurred that Hgr in the 0.4 um—1 kDa fraction was a large
portion of the filtered phase (37—88%) in coastal marine
environments (14). They showed that 5—50% of dissolved
Hgr in the Atlantic Ocean was in the 0.4 um—1 kDa pool.
They also presented evidence that thiol functional groups
associated with organic carbon were important in the
partitioning of Hgr in the colloidal phase. In addition, they
reported the first colloidal-phase MeHg concentrations in
marine environments.

The phase distribution of both Hgr and MeHg in
freshwaters may differ from that in marine environments
because freshwaters are in general lower in ionic strength,
higher in alkalinity, and higher in dissolved organic carbon
(DOC). A Florida study presented the first colloidal-phase
MeHg data in freshwater (15), stating that 43—70% of the
MeHg in the filtered fraction was found in the 0.22 yum—3
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Site Location

Universal Transverse Mercator Coordinates*

# Site Name Zone North(m) West(m)
Baptism River 15 5,244,275 635,900
2 East Creek (headwater) 16 5,138,850 599,400
3 East Creek (wetland) 16 5,135,450 599,800
_ 4 Everglades (2B South) 17 2,893,975 562,150
'f""ﬂf_"’f“’ 5 Everglades (3A15) 17 2,873,950 533,075
\ 6 Everglades (F1) 17 2915525 562,750
) 7 Everglades (U3) 17 2,907,675 558,800
1 8 Fish Creek 15 5,160,375 655,825
o Wisssi ) 9 Hendrie Creek 16 5,130,850 638,950
Isconsin

10 Moose River 15 5,098,300 656,300
11 Murphy Creek 16 5,147,450 620,550
12 Popple River 16 5,072,900 363,475
13  Presque Isle River 16 5,175,350 272,550
14 Suwanee River 17 3,408,700 364,400
15 Tahquamenon River 16 5,157,700 650,400

*North American Datum 1983 (NADS83)

FIGURE 1. Location of the freshwaters studied. On the Everglades inset map, ENR, WCA, and BCNR stand for Everglades Nutrient Removal
Area, Water Conservation Area, and Big Cypress National Reserve, respectively. Everglades sites 4, 5, and 6/7 are located within Water

Conservation Areas 2B, 3A, and 2A, respectively.

kDa fraction. In addition, the colloidal-phase Hgr and MeHg
concentrations in the Everglades appeared strongly correlated
with organic carbon.

These previous studies have established a strong founda-
tion on colloidal Hgr dynamics in coastal marine environ-
ments, have presented the first data on colloidal-phase Hgr
and MeHg in the open oceans, and have initiated a pilot
study of colloidal-phase Hgr and MeHg in the freshwaters
of the Everglades. Before detailed process-oriented questions
can be thoroughly addressed, additional information on Hg
in the colloidal phase is needed from both deep ocean waters
and geochemically distinct freshwaters. Noticeably absent
is colloidal-phase Hg information from waters of low ionic
strength (<400 uS cm™?) and of differing DOC character.

We have previously shown that tangential-flow ultrafil-
tration is an effective tool for isolating colloids in freshwaters
using trace-level clean techniques (11, 16). In this paper, we
contrast geochemical characteristics of rivers in the upper
Midwest, Georgia, and the Florida Everglades to explore the
effects of ionic strength and organic carbon on the colloidal-
phase partitioning of Hg. In addition, the influence of the
colloidal phase on estimates of the partition coefficient (Kp)
is examined within the context of the particle concentration
effect (PCE). The PCE hypothesis states that the presence of
colloids under high particulate loading leads to low estimates
of Kp—important because underestimates of Kp may lead to
biased conclusions drawn from partitioning models. To-
gether, all these contributions help establish a description
of the geochemical factors that support colloidal-phase
partitioning of Hg in freshwaters.
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Materials and Methods

Fifteen freshwaters (Figure 1) were examined to measure
colloidal-phase partitioning of Hgr and MeHg. The waters
were selected to provide a broad range of water chemistry
conditionsincluding pH, DOC, suspended particulate matter
(SPM), and specific conductance (Table 1). Ten sites were
grouped in Midwestern states of Michigan, Minnesota, and
Wisconsin; four sites were in the Florida Everglades; and one
site was in Georgia (the Suwanee River). Whole-water samples
were filtered in-line using conventional 0.4 um Meissner
filtration capsules (0.22 um Calyx capsules in 1996) equipped
with an all-Teflon sampling line and weight. Conventional
filtrates were further processed using 10 kDa (approximately
0.0015 um) ultrafiltration to isolate the colloidal and dissolved
phases.

Ultrafiltration separations were usually performed within
6—12 h after collection using 0.23 m? spiral-wound regener-
ated cellulose membranes (Millipore model PLGC). A few
comparative separations were performed on polyethersulfone
membranes (PTGC). The average elapsed time before
processing by ultrafiltration was 8.8 h (s = 3.8; n = 21).
Samples were kept at ambient temperature to minimize
equilibrium shifts. All sample containers, tubing, and pump
heads were composed of Teflon. An exhaustive, multiple-
step cleaning process was employed to prepare the cartridges
for trace metal applications (11, 16).

During an ultrafiltration separation, the membrane-
passing fraction (permeate) was collected at a rate of 20—30
mL min~. The nonpassing fraction (retentate) was recir-
culated until the ratio of the retentate volume to the feed
volume (concentration factor) was about 8:1. The concen-



TABLE 1. Water Chemistry Parameters of the Sampling Sites

specific
conductance
name date pH (uS cm™Y)

Baptism River Mar 1998 7.3 48.8
Baptism River Jul 1998 8.2 118.2
Baptism River Oct 1998 7.0 49.3
East Creek (headwater) Aug 1997 7.6 131.0
East Creek (wetland) Aug 1997 ~7 110.0
Everglades (2B south) Jul 1997 7.3 443.0
Everglades (3A15) Jul 1997 7.0 239.0
Everglades (F1) Jul 1997 7.3 1072.0
Everglades (U3) Jul 1997 7.7 1189.0
Fish Creek Oct 1997 8.0 157.0
Fish Creek Mar 1998 7.5 100.4
Fish Creek Jun 1998 7.9 174.0
Hendrie Creek Aug 1997 7.6 223.0
Moose Riverd Aug 1996 6.4 41.9
Murphy Creek Aug 1997 7.2 149.4
Popple River? Aug 1996 6.5 81.6
Presque Isle River Apr 1998 7.0 30.7
Presque Isle River Jul 1998 8.0 156.0
Presque Isle River Oct 1998 7.5 133.6
Suwanee River Jul 1997 3.8 86.0
Tahquamenon River Apr 1998 7.1 57.1
Tahquamenon River Jun 1998 7.8 137.4
Tahquamenon River Oct 1998 7.5 164.0
mean 7.2 221.4

SD 0.9 300.1

median 7.4 133.6

min 3.8 30.7

max 8.2 1189.0

colloidal phase?

suspended (0.4 pm—10 kDa) total colloid®
particulate (0.4 pum—10 kDa)
matter OCc Alc Fec
(mgl™  (mgL™) (ugl™) (ugl™) (mgl™") SD  %OCe
6.2 7.7 163.0 276.0 174  0.03 883
0.5 3.4 9.0 66.0 7.0 0.19 973
53 135 126.4  360.0 289 078 937
1.7 0.4 15 9.5 08 005 965
0.4 6.4 7.0 95.0 12.9 0.53 984
7.3 45 1.8 60.0 9.2 008 988
0.8 35 0.0 88.0 72 021 982
1.0 6.6 4.1 12.0 134 032 996
0.7 8.6 0.0 29.0 17.2 0.27 997
4.6 0.2 15.2 34.8 06 009 651
236.0 6.9 1098.0 866.0 26.1 050 529
49.5 15 180.6 151.0 5.0 0.09 593
5.4 26 7.3 969.0 68 019 776
10.9 26.5 193.0 24320 585  0.34 905
4.3 2.8 19.3 3636.0 11.3 0.75 50.0
1.6 21.7 39.0 753.0 44.9 120 96.6
135 9.2 112.0 157.0 19.7 023 931
1.0 3.0 15 28.0 6.0 018 99.0
3.1 4.8 11.1 119.8 9.8 0.09 97.0
11 23.0 375.5 814.0 50.9 1.33 902
8.6 7.7 65.5 193.0 163 022 942
4.4 3.5 16.1 183.3 7.5 0.34 942
1.6 4.0 19.9 302.3 8.7 031 925
16.1 7.5 107.2 505.9 16.8 0.36 87.9
49.0 7.2 235.0 869.3 155 035 156
4.3 4.8 16.1 157.0 11.3 023 942
0.4 0.2 0.0 9.5 0.6 0.03 50.0
236.0 26.5 1098.0 3636.0 58.5 133 997

2 Used to estimate the total colloid mass for the calculation of partition coefficients. » Total colloid = 2[OC¢] + 10[Alc] + 1.5[Fec]. ¢ % OC =2[OC]
+ [total colloid]. ¢ The measured colloidal phase was 0.22 um—10 kDa on sampling dates in 1996.

tration factor was kept below 10 to avoid changes in
equilibrium metal partitioning to organic carbon (10, 17). A
mass balance was conducted with each separation as part
of the QA/QC protocol. Mass balance closure was calculated
from the following fractions: (1) the feed solution, (2) the
preconditioning solution (sampled after the preconditioning
step was completed), (3) the final retentate, (4) several
permeate subsamples, (5) a post-separation Milli-Q flush,
and (6) a dilute sodium hydroxide rinse (0.1 N).

In general, freshwaters with small colloidal loads (<2 mg
L™1) tested the limits of our ultrafiltration protocol because
Hg concentrations were also low (<1 ng L™ Hgr). Using larger
feed volumes (>5L) could improve the relative error. Mercury
mass balance results were generally excellent, averaging
104.8% (SD = 13.6) for Hgr and 101.3% (SD = 11.5) for MeHg
(Table 2). These error terms are comparable to our laboratory
analytical protocols that require the reanalysis of individual
samples until the relative standard deviation is within 10%
and spike recoveries are within 25%.

At two sites, the specific conductance of ambient river
water was elevated before the ultrafiltration separation to
examine the effects of ionic strength on partitioning. A15 L
sample of water from the wetland-influenced East Creek (110
uS cm™1) was spiked with Hg?" and MeHg, homogenized,
and split into three 5 L portions. The specific conductance
of two portions was elevated with Ca(NO3), to 305 and 670
uS cm™!, shaken, and allowed to equilibrate 1 h before
processing under standard protocol. The experiment was
repeated with water from the Popple River (60 xS cm™) that
was elevated to 480 S cm™! by adding NaNO; but was not
spiked with additional Hg.

Total mercury analysis was performed using the bromine
monochloride oxidation technique followed by stannous

chloride reduction, nitrogen purging, gold-trap preconcen-
tration, thermal desorption, and cold-vapor atomic fluo-
rescence spectroscopy (CVAFS) detection (18, 19). MeHg was
determined by distillation, aqueous-phase ethylation, ni-
trogen purging, Carbotrap preconcentration, thermal de-
sorption, chromatographic separation, pyrolytic conversion
to Hg® and CVAFS detection (20, 21). The NaOH rinse samples
were neutralized with trace metal grade HCI before the
distillation. Analytical detection limits (three times the SD of
the blank) averaged 0.1 ng L™! Hgr and 0.02 ng L™* MeHg.

Iron was determined by graphite furnace atomic absorp-
tion spectroscopy. The uncertainty in the analytical precision
was typically less than 7%, but below 200 ug L™ the
uncertainty was driven by the error in the blank (£ 7 ug L™%).
Aluminum was determined by inductively coupled plasma
mass spectrometry (ICPMS) with analytical uncertainty
typically less than 5% (or 4:0.15 ug L=t if the Al concentration
was below 5 ug L™1). Dissolved organic carbon was determined
on a Shimadzu TOC-5000 using high-temperature (680 °C)
catalytic oxidation. Samples for organic carbon were kept
frozen until analysis, and analytical uncertainty was usually
+0.1 mg L™ In the remainder of this text, we refer to organic
carbon in the <0.4 um fraction as OCg, in the <0.4 um—10
kDa fraction as OCc, and in the <10 kDa fraction as OCp. The
total concentration of colloidal material presented in Table
1 was estimated using the following method (22, 23):

Cre = 2Coe + 1.5C, + 10C,, )

where Crc is the total colloid concentration (kg L), and Coc,
Cre, and Cu are the organic carbon, iron, and aluminum
concentrations in the colloidal phase. Although direct
measurement of colloidal mass is preferable, this method
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TABLE 2. Total Mercury and Methylmercury as a Percentage of the Unfiltered Value

total mercury methylmercury
mass particulate? colloidal dissolved mass particulate colloidal dissolved
unfiltered balance >0.4 um 0.4 pm—10 kDa <10 kDa unfiltered balance >0.4 pm 0.4 pm—10 kDa <10 kDa

name (ng L™ (%) (gl™ ()  (hgL™ %) (gl (%) (ng L™ (%) (hgl™ ()  (hgL™ ) (hgLl™) (%)
Baptism River 6.8 122.7 1.3 19.7 4.4 64.3 2.6 38.7 0.15 92.9 0.02 14.7 0.07 47.7 0.05 30.5
Baptism River 1.8 b 0.1 2.6 b b b b 0.13 97.1 0.02 135 0.05 34.9 0.06 48.7
Baptism River 12.1 102.9 0.8 6.2 8.5 70.6 3.2 26.1 0.24 94.9 0.04 17.8 0.13 55.2 0.05 21.9
East Creek (headwater) 0.8 b b b b b b b 0.29 92.3 0.04 13.7 0.08 28.1 0.15 50.5
East Creek (wetland) 2.6 117.0 0.1 4.2 1.6 61.1 1.3 51.7 0.34 95.3 0.04 11.8 0.21 61.7 0.07 21.8
Everglades (2B south) 6.0 94.5 2.9 48.7 1.0 17.1 1.7 28.7 0.83 100.0 0.62 74.2 0.07 8.4 0.14 17.4
Everglades (3A15) 2.6 75.7 0.0 1.2 0.6 235 1.3 51.0 0.22 93.2 0.04 16.5 0.06 28.1 0.11 48.6
Everglades (F1) 8.2 94.3 5.2 63.7 0.9 11.2 1.6 19.4 0.36 87.9 0.24 68.0 0.02 6.6 0.05 13.3
Everglades (U3) 13.1 101.6 8.6 65.3 1.9 14.7 2.8 21.6 0.77 114.3 0.13 17.2 0.28 36.8 0.46 60.3
Fish Creek 0.9 114.7 0.3 31.8 0.1 12.6 0.6 70.3 c c c c c c c c
Fish Creek 27.1 96.3 175 64.5 6.0 22.2 2.6 9.6 0.12 117.4 0.10 79.5 0.03 255 0.01 12.4
Fish Creek 3.7 1194 17 46.9 1.7 45.4 1.0 27.1 0.12 108.5 0.06 46.6 0.04 31.1 0.04 30.8
Hendrie Creek 6.2 96.5 24 39.3 0.4 6.8 31 50.4 0.13 104.8 0.05 35.4 0.02 18.9 0.07 50.5
Moose Riverd 10.3 100.0 31 29.7 4.8 46.5 25 23.8 0.86 100.0 0.05 5.3 0.62 71.7 0.20 23.0
Murphy Creek 3.7 98.2 0.5 13.0 0.3 8.8 2.8 76.4 0.21 83.6 0.00 2.3 0.08 37.9 0.09 43.4
Popple Riverd 7.4 b b b b b b b 0.62 109.9 0.05 8.2 0.40 64.9 0.23 36.8
Presque Isle River 8.3 114.9 2.0 245 5.3 63.3 2.2 27.1 0.14 112.4 0.06 42.1 0.06 435 0.04 26.8
Presque Isle River 1.2 127.9 0.2 18.3 0.3 275 1.0 82.1 0.08 111.8 0.01 7.9 0.02 29.2 0.06 74.7
Presque Isle River 6.65 117.6 2.8 42.0 3.1 46.9 1.9 28.7 0.12 c c [ c c c c
Suwanee River 5.9 90.6 1.3 21.4 25 42.2 1.6 27.0 0.14 86.0 0.02 13.2 0.06 42.2 0.04 30.6
Tahquamenon River 10.3 99.1 5.4 52.4 2.7 26.5 2.1 20.2 c c c c 0.11 c 0.09 c
Tahquamenon River 2.4 91.7 0.4 16.2 0.9 38.4 0.9 37.1 0.18 97.0 0.04 20.0 0.06 31.1 0.08 45.9
Tahquamenon River 2.92 120.3 11 36.6 11 37.0 14 46.6 0.15 126.6 0.03 21.5 0.08 52.2 0.08 52.9
mean® 7.0 104.8 2.9 32.3 24 34.3 1.9 38.2 0.30 101.3 0.08 26.5 0.12 37.8 0.10 37.0
Sbhe 5.9 13.6 4.1 20.2 2.3 20.2 0.8 20.1 0.25 115 0.14 23.4 0.15 175 0.10 16.9
median® 6.1 100.8 15 30.8 16 32.3 1.8 28.7 0.19 98.6 0.04 16.9 0.07 35.9 0.07 33.8
min® 0.9 75.5 0.0 12 0.1 6.8 0.6 9.6 0.08 83.6 0.00 2.3 0.02 6.6 0.01 124
max® 27.1 127.9 175 65.3 8.5 70.6 3.2 82.1 0.86 126.6 0.62 79.5 0.62 71.7 0.46 74.7

a Particulate values were calculated by difference. ? Total mercury results discarded because mass balance was >130%, filtered value was greater than the unfiltered value, or both. “Methylmercury was below
detection limit, the filtered value was greater than the unfiltered value, or the unfiltered sample was lost. ¢ The filtered fraction was 0.22 xm, not 0.4 um. ¢ Column statistics do not use data from rows that are incomplete.




has been peer reviewed, and our results compare well with
other studies.

Suspended particulate matter (SPM) was determined by
filtering a known aliquot of water through a preweighed 0.4
um polycarbonate track-etched filter (Poretics 13028; 47 mm
diameter). Uncertainty in the SPM measurement was +0.09
mg L™ for a typical filter volume of 100 mL. Uncertainty in
SPM values above 10 mg L~* was largely due to small filter
volumes (<40 mL) and averaged about 2%. Specific con-
ductance and pH were determined using a Hydrolab Scout-2
water quality data system. Specific conductance uncertainty
was 1%, and pH uncertainty was £0.2 pH unit.

Statistical analysis was performed using Minitab version
12.21 for Windows. The normal distribution assumption was
tested for each linear regression and t-test performed. Linear
regression data were tested for departure from normality
using the graphical “normal score vs residuals” approach.
There was no evidence against the hypothesis that the paired
t-test data originated from a normal distribution (Anderson—
Darling Normality Test; p = 0.18).

Results and Discussion

The phase distribution of Hg depends in part on the
geochemical characteristics of the surface water. Softwater
streams with high levels of <0.4 um filterable organic carbon
(OC¥) generally contain more Hg (24, 25), especially within
the filtered fraction. This observation has been speculated
to result from the presence of colloidal material and has
been inferred to mean that the high molecular weight fraction
of OCg plays an importantrole in regulating the concentration
of Hg in natural waters (24, 26, 27). Use of tangential-flow
ultrafiltration in this study allows us to directly quantify
colloidal-phase Hg concentrations and to begin to test these
suppositions.

Table 1 presents the total concentration and percent
organic character of colloids from the broad range of
freshwaters in this study. Total colloid concentrations ranged
from 0.6 to 58.5 mg L~* of which 50—99.7% was organic matter.
Three sites in particular contained a substantial quantity of
inorganic colloids: Hendrie Creek (22%), Fish Creek (~40%),
and Murphy Creek (58%). Inorganic colloids at Hendrie Creek
and Murphy Creek were predominantly iron based. Inorganic
colloids at Fish Creek were predominantly aluminum based.

Magnitude of the Colloidal Fraction. Unfiltered Hgr
concentrations presented in Table 2 ranged from 0.9 to 27.1
ng L~ with a median of 6.1 ng L%, and unfiltered MeHg
ranged from 0.08 to 0.86 ng L~* with a median of 0.19 ng L.
These values were similar to those reported elsewhere for
unimpacted freshwaters: 0.1—45.9 ng L=* Hgr; 0.01—1.77 ng
L~ MeHg (24, 26—30). Filtered Hgr concentrations ranged
from 0.6 to 11.4 ng L~* with a median of 3.5 ng L™, and
filtered MeHg ranged from 0.02 to 0.81 ng L~* with a median
of 0.14 ng L%

Colloidal-phase Hgr concentrations ranged from 0.1 to
8.5 ng L~ with amedian of 1.6 ng L™*. Colloidal-phase MeHg
concentrations ranged from 0.02 to 0.62 ng Lt with amedian
of 0.06 ng L™%. As a percentage of the unfiltered value, the
colloidal phase contributed roughly 7—72% of both the Hgr
and MeHg load with a median value of 32% Hgr and 36%
MeHg. As a percentage of the filtered value however, the
colloidal phase contributed 9—86% of filtered Hgr and 17—
100% of filtered MeHg, with median values of 54.5% and
47%, respectively.

Most published colloidal-phase Hg data has originated
from coastal marine environments (10, 12, 14) where the
ionic strength is often more than an order of magnitude higher
than freshwaters. In addition, OCr and Hg concentrations
are generally much smaller. Unfiltered Hg concentrationsin
coastal marine environments have ranged from 0.01 to 9 ng

L~ Hgr and from 0.01 to 0.25 ng L~ MeHg, although Hgr
concentrations as high as 25 ng L~! have been reported in
estuaries near the outlet of freshwater rivers (18, 29, 31—35).
Filtered Hg concentrations in marine environments ranged
from 0.2t0 6.0 ng L' Hgr and from 0.06 to 0.09 ng L~ MeHg
(10, 12, 14).

Colloidal-phase Hg concentrations in these studies were
also lower than in freshwaters and ranged from 0.04 to 3.48
ngL'Hgrand ~0.01 ngL"*MeHg (10, 12, 14). Asa percentage
of the filtered fraction, however, the reported colloidal-phase
Hg concentrations in freshwater and marine systems were
quite similar (Table 3). Note that colloidal-phase data from
marine systems were reported for the 0.4 um—1 kDa range
(not 0.4 um—10 kDa), indicating the importance of low
molecular weight compounds in marine systems. Over all,
Hgr and MeHg values ranged from 8% to 93% with means
from 32% to 64% for Hgr and from 16% to 57% for MeHg.
The wide range in values likely reflects anumber of underlying
controls on colloidal-phase partitioning and underscores the
need for additional colloidal-phase data to address these
process-oriented questions.

A direct comparison of our data to other freshwater
investigations is difficult because there are few data available
from similar environments, and ultrafiltration protocols vary
widely among published studies (Table 3). Freshwater data
was available from the Trinity River (10, 12), the Ochlockonee
River (14), and five sites within the Florida Everglades (15)
that were located in Water Conservation Area 3, Big Cypress
National Reserve, and the Everglades Nutrient Removal Area
(shownin Figure 1 as WCA-3, BCNR, and ENR, respectively).
One of our four Everglades sites (3A15) was also located within
WCA-3, and the rest were located in WCA-2.

Our Everglades data show similar mean phase distribu-
tions for both Hgr and MeHg across all four sites. An average
45% of Hgr and 44% of MeHg were in the particulate fraction
(>0.4 um); 17% Hgr and 20% MeHg were in the colloidal
fraction (0.4 um—10 kDa); and 30% Hgr and 35% MeHg were
in the dissolved fraction (<10 kDa). However, our data
contrast with Cai et al. (15). who found most Hg to be in the
smaller size fractions (19% Hgr and 4% MeHg in the >0.22
um fraction, 37% Hgr and 13% MeHg in the 0.22 um—10 kDa
fraction, and 44% Hgr and 83% MeHg <10 kDa frac-
tion).

Differences in the estimates may result from natural
variation in the Everglades (note specific conductance and
OCk differences) but may also result from differences in the
ultrafiltration protocol (Table 3). Common to the protocol
of both studies were the approximate feed volumes, mem-
brane material, concentration factors (~5), and storage times
(processed within ~3 h of collection). Differences include
the use of back pressure, the ultrafiltration geometry, the
membrane surface area, and the number of fractions retained
to complete a mass balance on the separation (2—3 in Cai
etal. (15) vs 5—7 in this study). We believe low back pressure
and a larger membrane surface area reduces membrane
fouling and that a rigorous mass balance is important during
these early stages of UF evaluation for trace-level research.

Many of the studies in Table 3 report freshwater data
using a 1 kDa membrane. In principle, a 1 kDa membrane
should provide a better estimate of the truly dissolved phase
because the nominal molecular weight limit is closer to the
molecular size of aqueous Hg ions. We performed sorption
tests on 1 kDa spiral-wound RCL membranes (Millipore PLAC;
0.46 m?) at neutral pH using a synthetic DOC-free matrix of
salts dissolved in prefiltered Milli-Q water. Specific conduc-
tance (30 and 1200 S cm™?), Hg concentration (~6 ng L™*
Hgrand 1 ng L™ MeHg), and pH (~7) were adjusted in that
order using high-purity calcium nitrate, methylmercury
chloride, mercury(ll)nitrate, sodium hydroxide, and nitric
acid. At both 30 and 1200 S cm™%, less than 40% of the Hg
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feed mass could be recovered. The tests were repeated at pH
5 and pH 9 using metal-complexing buffers (high-purity
ammonium acetate and Trizma, respectively). Results im-
proved, but the loss term was still ~50% of the feed. We did
not proceed with 1 kDa membranes in freshwaters, but they
have been shown to work under marine conditions (10). Given
the wide range of protocols currently in use (Table 3), an
intercomparison between methods is warranted.

Over all, about one-third of the unfiltered Hgr and MeHg
concentration in this study was in each of the three fractions
(particulate, colloidal, and dissolved) when averaged across
all sites in the investigation (Table 2). To initially assess factors
that support colloidal-phase partitioning of Hg in freshwaters,
the data set was divided into two groups: One group
contained data from sampling dates when the colloidal-phase
concentration of Hg comprised >50% of the filtered fraction,
and the other group contained data from days when the
colloidal-phase Hg concentration was <50% of the filtered
fraction. Results from two-sample t-tests indicate that SPM
load was the weakest indicator of colloidal-phase mercury
partitioning (Ho: u1 = u2; p = 0.222 for both Hgr and MeHg).
High DOC was a good indicator for colloidal Hgr (p < 0.03)
but not for MeHg (p = 0.141). Finally, specific conductance
was a strong indicator for both Hgr and MeHg (p < 0.049).

Influence of Specific Conductance on the Colloidal
Fraction of Hg. Expressed as a percentage of the 0.4 um
filter-passing fraction, the observed colloidal-phase Hg pool
decreased as specific conductance increased (open symbols
in Figure 2). lonic strength may influence the observed-phase
distribution by at least four mechanisms that are described
further below: (1) lonic strength could change the perfor-
mance of the membrane by masking the surface charge (an
artifact of the separation procedure); (2) it could control the
hydrodynamic radius of flexible long-chain colloids (inde-
pendent of the separation procedure); (3) it could determine
the production mechanism and, therefore, control the
molecular size of the colloids in the environment (again
independent of the separation procedure); and (4) it could
promote ion exchange of Hg between functional groups in
the colloidal phase and ligands in the “truly” dissolved species
(also independent of the procedure).

Membrane performance might change because high
concentrations of ions could screen the surface charge on
the membrane and allow constituents to pass that would
otherwise be sorbed or retained. This hypothesis was tested
by performing separations on two types of UF membranes
with different surface charge characteristics. Because the
magnitude of the surface charge on a regenerated cellulose
membrane is larger than that on polyethersulfone (—10.7
and —3.6 mV, respectively (16)), one might expect different
behavior at low specific conductance (<100 xS cm™).
However, the trend with specific conductance for Hg, a
positively charged ion, was similar for both membrane
materials (Figure 2, open circles vs open diamonds); the
background trend for OCg, a negatively charged species, was
also similar for both membranes (16). Therefore, the specific
conductance does not appear to change the performance of
the membrane, and we infer that the observed trend reflects
a true change in the size of the suspended colloids.

The change in the size of colloids with ionic strength could
be a function of several mechanisms, including the contrac-
tion of long-chain organic material, or differences in the
composition of the colloid source material that both covary
with ionic strength and determine the molecular size of the
colloid (sediment type, for example). Waters that undergo a
change in ionic strength, such as the estuarine mixing zone
between waters of differing specific conductance, could have
ion exchange effects that increase the dissolved-phase
concentration by desorbing Hg from the colloidal and
particulate phases. This was unlikely with our data because
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there was no concomitant loss in particulate-phase Hg
concentration as the ionic strength increased.

To further examine the effect of ionic strength on the
observed colloidal-phase distribution and on the sorption
and desorption of Hg on colloids, the ambient-phase
distribution of the filtered fraction of two high OCk rivers
was compared to the distribution determined on the same
source water after increasing the ionic strength. The ambient
colloidal-phase composition of each river was roughly
equivalent: ~97% organic carbon, ~0.6% aluminum oxides,
~1% iron hydroxides (East Creek Wetland, and Popple River;
Table 1).

If the colloidal-phase distribution did not change, we could
infer that (1) Hg is associated with colloids whose hydro-
dynamic radius does not decrease with increasing ionic
strength, (2) net ion exchange is minimal, or (3) the kinetics
associated with these processes are slow.

The decrease in percent colloidal MeHg with added salts
(filled symbols in Figure 2) was similar to the natural trend
with specific conductance across all sites (open symbols).
However, added salts did not affect the phase distribution
of Hgr. This contrast in behavior suggests a different
mechanism of colloidal-phase association for Hgr than MeHg.
Total mercury may be associated with colloidal material that
has a hydrodynamic radius that does not contract with
increasing ionic strength (inorganic complexes, for example).
MeHg appears either strongly associated with colloidal
material that contracts (long-chain organic matter) or weakly
associated with ligands that are susceptible to ion exchange.

The change with ionic strength in the colloidal-phase
distribution of OCg, Fer, and Alg (surrogates for organic
material, insoluble iron hydroxides, and suspended clay,
respectively) was consistent with the Hgr results. At the East
Creek, an increasing fraction of OCc, Fec, and Alc passed
through the membrane at higher ionic strength (Figure 2),
possibly as a transport vector for MeHg. In contrast, MeHg
in the Popple River, likely desorbed from the colloidal phase

because OC¢ and Fec remained constant, and Alc showed
evidence of coagulation from the dissolved phase.

Supporting evidence was also observed in the ratio of
MeHg to carbon in the colloidal phase. As the specific
conductance was elevated, the MeHg:C ratio decreased for
both rivers (from 38 to 5 pg of MeHg/mg of C at East Creek
and from 24 to 13 pg of MeHg/mg of C at the Popple River).
Coupled with the loss of organic carbon from the colloidal
phase observed at East Creek, this suggests that MeHg had
a higher affinity for the subset of OCg that was lost from the
colloidal fraction. Coupled with the constant organic carbon
percentage at Popple River, this concurs with MeHg loss
from the colloidal phase due to ion exchange from weak
functional groups on the OCc.

Although these experiments did not entirely resolve the
mechanism behind the observed decline in percent colloidal
MeHg, they did suggest several transport vectors from the
colloidal to the dissolved phase. The differing partitioning
behavior at these sites, despite their similar ambient com-
position, suggests a coupling between the chemical character
of the OCr and the watershed composition that produced
the OCr. Methods to characterize OCk are needed to fully
interpret these differences because OCe is not chemically
uniform across differing environments. At sites with higher
inorganic character in the colloidal phase (Fish, Hendrie,
and Murphy Creeks, for example), dissolved organic matter
likely coats the inorganic phase. Artificially increasing the
ionic strength at these sites may lead to hydrophobically
driven coagulation of these mixed composition colloidal
particles.

Influence of Dissolved Organic Carbon on the Colloidal
Fraction of Hg. Freshwater Hg concentrations in the <0.4
um fraction have been long correlated to the concentration
of OCk (24, 25, 36). The regression of Hg against OC¢ has
generally been stronger for MeHg than for Hgr. The stronger
MeHg regression has been assumed to result from the
presence of organic colloids in the <0.4 um fraction. However,
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FIGURE 3. Concentration of MeHg in the 0.4 um—10 kDa fraction as a function of OCx.

without the tools to isolate the colloidal fraction, a more
directassociation between MeHg and organic colloids could
not be verified. Instead, Hg was shown to be particle reactive,
and that quality was assumed to carry into the colloidal size
range. Using ultrafiltration, this assumption can be tested.

In this investigation, the correlation between Hgr and
organic carbon within each size fraction and across all size
fractions was not statistically significant (r> < 0.14; p = 0.07).
However, MeHg in the colloidal phase and dissolved phase
did correlate with the concentration of organic carbon
(MeHgc = 0.15[0Cc] + 0.0018, r> = 0.54, p < 0.01; MeHgp =
0.006[OCp] +0.0458, r2=0.23, p = 0.02, respectively). Because
ultrafiltration is a difficult and time-consuming technique,
the ability to predict the colloidal-phase MeHg concentration
from the filtered OC concentration would be advantageous.
Unfortunately the regression of MeHgc with OCg was not
strong when regressed across all sites in the study (r? = 0.35,
p < 0.01, Figure 3). It was quite strong within the upper
Midwest (r> = 0.78, p < 0.01, Figure 3), but the regression
may be biased by relatively few data above 20 mg L~1. Within
the Everglades, the regression was poor (r> = 0.18, p = 0.58),
and the addition of five data points from Cai et al. (15) did
not improve the result (r2 = 0.15, p = 0.34).

Mercury to carbon ratios in the colloidal phase ranged
from 108 to 1142 pg of Hgr/mg of C (mean = 352 pg mg 1)
and from 3 to 205 pg of MeHg/mg of colloidal carbon (mean
= 25 pg mg~Y). Our Hg:C ratios in the Everglades were
about a factor of 2 smaller than that previously published
(138—372 pg of Hgr/mg of C and 4—33 pg of MeHg/mg of
C in this study as compared to 301—516 pg of Hgr/mg of C
and 15—52 pg of MeHg/mg of C in Cai et al. (15)). That the
Hg to carbon ratios were independent of specific conductance
argues again that ionic strength controls the concentration
but not the quality of organic carbon in the colloidal phase.

There was no significant correlation between Hg:C ratios
and ionic strength even when sites were grouped by region
(Midwest vs Everglades), by percent organic matter in the
colloidal phase (>88% OCc vs <88% OCc), or as the entire
dataset (the p values for the various regressions were >0.168).
The large range of values in the ratio of Hg to carbon in the
colloidal phase indicates site-specific differences in OCe
quality and the resultant partitioning of Hg.

Influence of the Colloidal Phase on Hg Partitioning. On
amass basis, colloidal-phase Hg concentrations ranged from
28 to 338 ng g~* Hgr (mean = 153; median = 122) and from
110 16.4 ng g ' MeHg (mean = 6.6; median = 6.1). The mass
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basis concentration of MeHg ranged from 0.5% to 25% of the
Hgr value. These values were typical for sediments from
unimpacted areas in the Midwest, Ontario, Quebec, and
Sweden (9—520 ng g~* (6, 37—42) and 0.02—43 ng g~* MeHg,
which were 0.1-30% of Hgr (6, 38, 41)).

There were no strong trends in Hg concentration (ng g—?)
with SPM, conductivity, OCg, pH, or percent organic char-
acter, but MeHg concentration was weakly correlated with
conductivity of the riverine water: [MeHg] =14.6 + 0.0.295-
[conductivity] (adjusted r2=0.21, p =0.03). Adding additional
predictors such as OCg, SPM, and pH did little to improve
the regression.

Partitioning of Hg between the particulate and the
dissolved phase is often described using the partitioning
coefficient (Kp). Definitions of three partition coefficient
models and a table of log Kp values are found in the
Supporting Information. In brief, our results show that log
Kp for Hgr ranged from 3.9 to 6.4 with a median of 5.0 and
for MeHg ranged from 3.7 to 6.3, again with a median of 5.0.

When 0.4 um is used as the division between the
particulate and the dissolved phase, the filtered fraction may
overestimate the truly dissolved phase if colloids are present.
This would underestimate Kp and would most likely occur
when suspended particulate concentrations are high, because
conditions that support an elevated SPM level (high flow, for
example) might also elevate colloid concentrations. As a
result, when log Kp is plotted against SPM, the slope is often
negative (the particle concentration effect (PCE)) (1, 23, 43).

When SPM concentrations were below 15 mg L™, data
from this study supported the PCE hypothesis. Using the
standard division between the particulate and the dissolved
phase (0.4 um), log Kp plotted as a function of SPM showed
a weak but significant negative slope (p =< 0.01) for both Hgr
and MeHg. Using 10 kDa as the division, log Kp ranged from
4.3 to 5.5 with a median of 4.9 and for MeHg ranged from
4.4 to 6.2 with a median of 5.0. In addition, log Kp vs SPM
showed no significant slope (p = 0.48) for both species of Hg
(Figure 4). Two high SPM points (50 and 236 mg L' SPM)
were excluded from the analysis because they were out of
range and had undue influence on the regression. Including
both points in the analysis results in regressions that were
not statistically significant (p =0.06 for both Hgr and MeHg).
As described in Supporting Information, further analysis of
Kp indicates that the colloidal mass and not preferential
colloidal partitioning drives the PCE.
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FIGURE 4. Log of the partition coefficient plotted against suspended
particulate matter (SPM). Kp (closed circles) indicates a particulate/
dissolved cutoff of 0.4 gm, and Kpp+c (Open circles) indicates a
particulate/dissolved cutoff of 10 kDa. See Supporting Information
for mathematical definitions. Two high SPM points (50 and 236 mg
L1 were excluded from the figure because they were out of range
and had undue influence on the regression. Including both points
in the regression results in p values >0.06 for both Hgr and MeHg.
Up to two sites for Hgr and six sites for MeHg were also excluded
because their error terms were large (> 1 log unit). Excluding these
results did not significantly change the results of the regression
but did improve the fit of the data to the normal distribution
assumption.

Overall, our data demonstrate that the colloidal phase
plays an important role in regulating the freshwater parti-
tioning of both Hgr and MeHg. This result has important
implications for the biouptake of Hg and warrants further
examination. The colloidal phase must be addressed to
thoroughly model the biogeochemical fate and transport of
Hg in freshwaters.
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